• The hippocampus is viewed primarily as a memory and spatial cognition structure.
6.
Reconciling conflict processing, memory and spatial cognition in the HPC . 
Introduction
An approach-avoidance conflict arises when an organism is both attracted to, and repelled by the same goal stimulus. In other words, the goal is imbued with both positive and negative qualities such that it creates a competition between incompatible motivations and responses [1, 2] . The organism's decision to approach or avoid the goal is ultimately dependent on the individual computing the value, likelihood and magnitude of the outcomes and the incentive stimuli associated with the outcomes, and reaching a point of compromise between costs and benefits. For instance, a hungry animal deciding whether to forage for food in a dangerous environment (e.g. due to the presence of a predator or environmental hazards) needs to consider the potential benefits of much needed calorific intake alongside the probability for negative consequences such as bodily harm. Notably, such decisions can often become maladaptive, giving rise to situations in which one response tendency (approach or avoid) may dominate.
Historically, a number of decision-making paradigms have been used to assess the brain regions involved in approachavoidance behaviour during conflict. For example, non-human animal and human studies using delay discounting (subjects must choose between immediate smaller rewards versus delayed larger rewards), effort based decision-making (choosing between easily attainable rewards vs. working harder to obtain rewards), and gambling-like card-based tasks have demonstrated that the amygdala-medial prefrontal cortex pathway is crucial to decisionmaking involving uncertainty [3] [4] [5] [6] . More recently, however, the hippocampus (HPC), a brain region more readily associated with its role in learning and memory processes [7, 8] and spatial cognition [9] , has come under increasing scrutiny for its role beyond these two domains, in particular, in aspects of inhibitory response control in situations in which some form of stimulus, motivational or response competition is experienced [10] [11] [12] [13] . This work has its original roots in the late 1950s to 1960s, when the HPC was popularly known to play a key role in behavioural inhibition [e.g. [14] [15] [16] [17] [18] . Indeed, one influential theory by Gray [19] , which was proposed to encompass much of this early research, suggested that the HPC is the driving force of a behavioural inhibition system that is activated in situations of imminent threat to inhibit a movement or an action that could be detrimental to an animal's survival (e.g. a mammal freezing when seeing a bird of prey overhead).
The goal of this review is to examine experimental evidence that has implicated the HPC in approach-avoidance conflict processing. Given the plethora of data that are relevant to this issue, we have decided to focus on rodent and human studies that have directly investigated the role of the HPC in approach and avoidance behaviour, in particular those that have used tasks that pit these two responses directly against each other, for example, via the simultaneous presentation of conflicting valence information. As will be evident later, there is a considerably larger number of relevant rodent studies compared to human studies and as such, while groups of rodent studies will often be summarized, individual human studies will be described in relatively greater detail. In addition to this, although we are aware that approach-avoidance conflict paradigms have been used as a key means to study anxiety and that the HPC has been implicated in a range of anxiety disorders and anxiety characteristics [e.g. [20] [21] [22] [23] [24] [25] ], we will not be considering the entire, vast literature on the relationship between the HPC and anxiety, and will primarily provide more detailed discussion of studies that have sought to understand the neural basis of approach-avoidance conflict processing as a cognitive mechanism, without necessarily drawing conclusions about anxiety disorders. Finally, given that cross-species evidence will be considered, a brief note on anatomical terminology is necessary. There is now substantial evidence to suggest that the HPC should not be considered as a unitary structure but rather, as an anatomically and functionally heterogeneous structure. Considerable work on this heterogeneity has concentrated on the differences along the septotemporal (long) axis of the HPC, with a demarcation of dorsal (septal), and ventral (temporal) regions (dHPC, vHPC) in rodents, and posterior and anterior HPC (aHPC, pHPC) in humans as corresponding regions, respectively [e.g. 20, [26] [27] [28] [29] (Fig. 1) . While caution must be exercised in assuming the existence of functional homology between the rodent and human HPC regions, there is compelling anatomical evidence indicating that the topographical pattern of connectivity between the HPC and subcortical/cortical structures is strikingly similar between the rodent and primate brains [30, 31] . For instance, projections from the entorhinal cortex (EC) to the HPC follow a dorsal to ventral gradient in rodents (dorsolateral EC connecting with dorsal HPC, and ventromedial EC connecting with ventral HPC), and similarly, in primates, follow an anterior to posterior gradient [32] . HPC connectivity with subcortical structures exhibits similar topographical gradients in the rodent and human brains, with the ventral HPC and anterior HPC projecting to the medial aspects of the amygdala and nucleus accumbens (NAc shell), and the dorsal HPC and posterior HPC innervating the lateral aspects of the NAc (core), albeit the most dorsal/posterior aspects of the HPC do not project to the amygdala [28, 31] . In addition to this, while rodent work has further identified an intermediate HPC section that separates the ventral and dorsal regions [27, 33] , a similar division has not been commonly made in humans.
A brief historical perspective from the rodent literature
The notion that the HPC is involved in aspects of behavioural inhibition, that is, the suppression of responses under conditions of environmental instability, gained momentum in the 1960s after repeated observations that HPC lesions rendered rats unable to inhibit learned approach responses in the face of punishment [34] , or in the absence of reward [35] . Many of the early studies utilized discrete trial runway tasks that incorporated an element of approach-avoidance conflict. For instance, in lesion studies by Kimura [14] , Isaacson and Wickelgren [34] and Kimble [16] , rats were first trained to enter a 'goal box' at the end of a runway that contained food (approach training). Once trained, the rats were then punished (with a delivery of shock) while they consumed the food (avoidance training). Over time, control animals increased their latency to enter the goal box, indicating a tendency to resolve the apparent approach-avoidance conflict with an avoidance response. In contrast, aspirative/electrolytic lesions of the HPC impaired the acquisition of passive avoidance behaviour, with the lesioned rats continuing to enter the goal box at the same latencies as during approach training, after the introduction of shock. Other studies also noted that HPC-lesioned rats were more resistant to extinction conditions, showing perseveration of runway or lever press responses that were no longer rewarded [15, 17, 36] . Niki [36] conducted a systematic study of the experimental conditions under which aspirative lesions of the HPC produced impairment in inhibitory control over operant responses. He found that HPClesioned animals showed increased spontaneous recovery of lever pressing responses that had been extinguished a month before. Moreover, HPC-lesioned rats were unable to show discriminative responding during reinforced (in the presence of a light discriminative stimulus) vs. unreinforced (no light presentation) periods. Finally, Niki [36] observed that HPC-lesioned rats were insensitive to the introduction of a delay (30s) to gaining access to the food in a runway paradigm.
It is of importance to note that, in these early studies, HPC lesions were achieved using either aspirative or electrolytic methods, which cause extensive destruction of extra hippocampal areas (particularly the overlying cortex), and all fibres of passage coursing through the target region. Although many of the studies did include neocortical control groups, caution must be exercised in attributing the observed lesion effects solely to HPC dysfunction. Indeed, some have gone further to argue that the deficit in avoidance learning observed in these studies is a function of damage to areas other than the HPC, such as the insular and anterior cingulate cortex [37, 38] . Nevertheless, a common thread emerging from the early work was that HPC lesions impaired avoidance learning (or increased approach tendencies) only under certain conditions or circumstances. For instance, it was suggested that the extent/size of the lesion sustained in the rodent HPC determined the magnitude of the lesion effect on passive avoidance learning [39, 40] . Small lesions of the HPC typically restricted to the dorsal region failed to induce deficits in passive avoidance learning, as measured using the discrete trial runway approach-avoidance task described above, and the 'continuous trial' approach-avoidance conflict task, in which water-deprived rats were placed in a single compartment, and shocked every time they licked from an electrified water dish [14, 37, 39, 41] . More complete rodent HPC lesions that typically encompassed the ventral aspect of this structure reliably induced marked deficits in avoidance performance [14, 39] , with the exception of Boitano et al. [42] , who failed to observe a deficit in the continuous trial approach-avoidance task following large dorsal HPC lesions. It is worth nothing, however, that Boitano et al. [42] reported the absence of lesions to the ventral aspect of the HPC, whereas this area of the HPC was included in the large lesions reported by Kimura [14] and Snyder and Isaacson [39] . Thus, there is precedent from these early studies to suggest that it is not the size of the HPC lesions that correlates with the degree of the observed passive avoidance deficit, so much as the location of the lesion along the dorsal-ventral axis, with the more ventral aspect of the rodent HPC emerging as a hotspot for the control of avoidance behaviour.
A substantial number of early studies revealed that another form of avoidance learning, known as 'two-way active avoidance', which requires animals to actively shuttle between two conjoined compartments to avoid shocks being delivered in one, is consistently facilitated in HPC-lesioned animals [e.g. [43] [44] [45] [46] [47][for review see 47] . In contrast, the effects of HPC lesions on 'one-way' active avoidance, in which only one of the compartments is designated as 'safe', and the other as the 'dangerous' shock-associated compartment, have been unclear (i.e. no effect or deficit observed) [e.g. 45, [48] [49] [50] [51] . It has been suggested that rodent HPC lesion-induced deficits in one-way active avoidance occur only when the two compartments are distinguishable on the basis of extra-maze (distal, spatial), but not intra-maze (proximal, non-spatial) cues [47] . However, in considering the selective facilitation of active avoidance learning in the two-way, but not one-way, avoidance paradigm in HPC-lesioned animals, it becomes clear that the two-way avoidance learning presents animals with an approach-avoidance conflict scenario that the one-way avoidance design does not. More specifically, in the two-way active avoidance task, animals become confronted with an approach-avoidance decision each time it has to leave the compartment with the imminent shock delivery, and enter into a compartment that has also been associated with shock delivery in previous trials. In the face of this approach-avoidance conflict, HPC-lesioned animals choose approach over avoidance, whereas control sham-lesioned animals may show more freezing (indicative of conflict), and hence be slower to acquire active avoidance learning.
An overview of theoretical accounts of HPC function in approach-avoidance regulation
The behavioural inhibition view of HPC function culminated in the proposal by Gray and McNaughton [19, 52] [10][see also 10] that, in the face of a conflict in competing goals, the HPC serves to evaluate the risk associated with the goal alternatives, and increase the influence of negative associations so as to eliminate the motivational discord in favour of avoidance. However, an equally plausible, but difficult to disentangle, possibility is that the HPC may also serve to decrease the influence of positive associations, and hence actively inhibit approach behaviour. Indeed, there is a plethora of more recent studies demonstrating enhanced approach, or positive incentive motivation following more selective HPC damage [53] . Excitotoxic (cell body specific) HPC lesions have been shown to decrease reward thresholds, and increase rates of responding in rats undergoing intra-cranial self-stimulation in the ventral tegmental area [54] . HPC lesions also cause increased breakpoints (i.e., lesioned animals work harder for food) in progressive ratio schedules of reinforcement, in which the response requirement is incrementally increased after every successful reinforcement within a session [55] . In addition to this, HPC-lesioned rats show potentiated conditioned locomotor activity in a reward-paired context [11, 56, 57] , and facilitation of the acquisition of Pavlovian conditioned discriminative approach behaviour (i.e. autoshaping [11] ). Flaherty et al. [58] observed that HPC-lesioned rats were insensitive to downward shifts in reward magnitude (from 12 pellets to 1 pellet) in a runway procedure, and exhibited greater running speed for the 1 pellet condition compared to that of the unshifted control small reward group. This effect could not be attributed to the inability of HPC-lesioned rats to perceive changes in reward magnitude, as their ability to reduce consummatory responses to a downward shift in sucrose concentration (from 32% to 4%) remained intact. Thus, the study by Flaherty et al., together with the aforementioned findings, make an important distinction in the role of the HPC in anticipatory vs. consummatory, or sign-tracking vs. goal tracking behaviours that are associated with reward. The HPC is specifically implicated in the control of anticipatory or sign-tracking behaviours.
Despite these compelling accounts of HPC function in the regulation of approach/avoidance behaviours, the pervasive view of the HPC as a cognitive spatial mapping centre [9] has dominated the interpretation of studies exploring the role of the HPC in approachavoidance conflict. Black et al. [47] , for instance, argued that the widely reported impairment in avoidance learning after HPC damage can be explained by the inability of these animals to use place strategies. HPC-lesioned rats are not able to form associations between places and outcomes (reward or shock), and hence they do not perceive danger zones (goal box in a runway, or a shock-paired compartment). In contrast, the ability of HPC-lesioned rats to process proximal (non-spatial) cues that signal shock remains intact, and hence the extent and direction of the avoidance deficit following HPC lesions would depend on the availability or non-availability of discriminative cues in the 'safe' vs. 'dangerous' compartments that are non-spatial in nature.
The revised configural theory of HPC function proposed by Sutherland and Rudy in 1995 [59, 60] is also worth discussing here due to the fact it speaks to HPC involvement in learning and memory processes that seemingly do not involve a spatial component, and is also not necessarily incompatible with the notion that the HPC is involved in conflict processing. The theory posits that the HPC is a critical component of the 'configural association system' that enables the formation of a configural representation (e.g., AB) of stimuli (A, B) that are presented concurrently. Sutherland and Rudy initially based their account upon experimental evidence that excitotoxic HPC lesions selectively impair forms of discrimination learning that involve compound stimuli that are represented as a configural unit, as opposed to being represented as the sum of its constituent elements (A + B). For instance, negative patterning problems (A + , B + , AB − ), in which lever pressing is reinforced when stimulus A or B is presented alone, but lever pressing is not reinforced when A and B are presented in compound, are particularly vulnerable to HPC damage induced by excitotoxins [61] [62] [63] [64] . It has become increasingly apparent, however, that the effect of HPC lesions on other forms of discrimination learning that are primarily solved through the use of configural representations is very mixed. HPC lesions have been shown to impair, and facilitate the acquisition of transverse patterning (concurrent learning of A + vs. B − , B + vs. C − , C + vs. A − ) in two different reports using rats and monkeys, respectively [64, 65] . Biconditional discrimination problems (AB+, DC+, AC-, DB-), which involve the learning of 4 different compound stimuli, are not invariably impaired following HPC lesions in rats and monkeys [62, 66, 67] . Furthermore, it has been shown that feature-neutral discriminations (AC + , B + , AB − , C − ) do not require the integrity of the HPC [68] . These negative findings led to the reappraisal of the configural association theory of HPC function, and the suggestion that the effect of HPC lesion on configural discrimination problems is dependent on the degree to which the acquired associative values of the elements of the compound (e.g., A, B) are in conflict with the value acquired by the representation of the configural stimuli (AB) [60] . Thus, the effect of HPC damage on negative patterning is substantial due to the fact that both elements of the compound stimulus (A and B) gain associative strength in the opposite direction (excitatory) to that gained by the configural stimulus. In contrast, in feature neutral and biconditional discriminations, only one, or none of the elements of the compound stimulus opposes the value gained by the configural stimulus. The configural theory of HPC function, therefore, implicates the HPC in the resolution of conflict between two associative representations of stimuli, by enhancing the salience of configural representations of stimuli.
It is not within the remit of this review to argue for or against the various theories of hippocampal function. However, inherent across a number of theories of the HPC including those presented above, is the notion that this structure is involved in the resolution of some type of conflict, whether it be between two goal alternatives, or stimulus representations. Furthermore, we believe that recent advances in our knowledge of the anatomical heterogeneity of the HPC may potentially provide a way to unify the various proposed functions of the HPC.
A resurgence of interest in the role of the HPC in approach-avoidance conflict: neuroanatomical considerations
Recently, there has been a resurgence of interest in the involvement of the HPC in non-spatial processes, fuelled by the recognition that the HPC is an anatomically and functionally heterogeneous structure. As well as the delineation of cytoarchitecturally distinct subdivisions along the transverse axis of the HPC (dentate gyrus, CA3/CA2, CA1), the anatomical demarcation along the dorsalventral axis (in rodents) or anterior-posterior axis (in humans) of the HPC has garnered much interest [20, [26] [27] [28] [29] . The dHPC has been implicated preferentially in spatial memory [20, 27] , supported by connections between the dHPC and the lateral entorhinal cortex and neocortical areas involved in visuospatial processing [27] . Excitotoxic lesions of the dHPC encompassing as little as 26% of the volume of the entire HPC produce impairments in spatial learning (e.g. in the water maze task) that are synonymous with those observed after complete HPC lesions [69] . Furthermore, place cell activity, which codes for an animal's location in space is known to be more prominent and precise (higher spatial resolution) in processing spatial information, compared to place cells in the ventral subregion [70, 71] .
In contrast, the vHPC has been suggested to be preferentially involved in emotional regulation [20] , as reflected in its differential connectivity pattern between areas involved in emotional processing such as the amygdala, the prefrontal cortex, the nucleus accumbens, and the hypothalamus [27] . One of the most robust and consistently observed effects of vHPC lesions (but not dHPC lesions) is the reduction of innate, unconditioned expressions of anxiety in ethological tests such as the elevated plus maze, light/dark box, open field chamber, successive alley and neophagia [72] [73] [74] [75] [76] , as well as a reduction in unconditioned defensive behaviours induced by predatory odour stimuli [77] . More specifically, rats with selective vHPC lesions spend more time exploring the more innately 'dangerous' open arms of an elevated plus maze, show decreased latency to enter a bright, aversive compartment from a dark 'safe' compartment, are faster to eat novel food in tests of neophobia, and show decreased defecation in aversive environments, compared to the sham controls. These behavioural effects are highly reminiscent of the enhanced approach tendencies/disinhibition of avoidance behaviour observed after whole HPC lesions, as discussed in Section 2. Furthermore, all of these situations can be conceived as approach-avoidance conflict scenarios that involve animals making a choice between two goal alternatives; to explore a 'dangerous' but potentially rewarding environment ('open arms' of the elevated plus maze or brightly lit compartment of light/dark boxes), or to freeze and/or remain in safe, 'dark' compartments [20] . Ventral HPC lesions potentiate approach tendencies in the face of motivational conflict, enhancing exploratory (risk analysis) behaviour.
Recent studies using delay discounting tasks also lend support to the idea that the vHPC is involved in cost-benefit evaluation that is an integral part of resolving an approach-avoidance conflict [13, 78, 79] . Typically, in a delay discounting task a rat must choose between two goal alternatives of receiving a smaller immediate reward or a larger but delayed reward. Selective excitotoxic lesions and pharmacological inactivations of the vHPC in these tasks bias rats to choose smaller and more immediate rewards over delayed larger ones [13, 78, 79] , while leaving the ability to choose the larger reward over the small reward intact at zero delay. However, Abela et al. also found that vHPC lesioned rats were generally unable to withhold a response for a certain delay in order to receive a food reward, implicating a role of vHPC in the control of impulsivity [78] .
Finally, electrophysiological and optogenetic studies also corroborate the involvement of the vHPC, as well as its connections with other structures that have been implicated in anxiety (e.g. amygdala and medial prefrontal cortex), in mediating behaviour in conflict paradigms [80] [81] [82] . For example, Adhikari et al. [80] observed increased synchrony in the theta range between the medial prefrontal cortex and vHPC (but not dHPC) when rats were exposed to elevated plus maze and open field environments. Furthermore, Felix-Ortiz et al. [81] found that optogenetic inhibition of input to the vHPC from the basolateral nucleus of the amygdala led to rats spending a significantly increased amount of time in the open arm of the elevated plus maze as well as increased locomotion in the centre of an open field chamber (i.e. the 'dangerous' regions of each apparatus).
Limitations of existing rodent work
Although there is considerable rodent evidence supporting hippocampal involvement in approach-avoidance conflict processing, the exact role of the HPC has been difficult to establish due to a number of limitations in many existing studies. Firstly, the majority of the work discussed thus far has been limited to exploring the role of the HPC in approach-avoidance conflict scenarios in which the outcomes (reward, reward omission, or shock) of goal choices are made available during the test. In fact, the role of the HPC in processing conflicting learned cues has been underexplored, and yet this is an important oversight, as situations of approach-avoidance conflict in reality are less likely to be based on factors that underpin innate behaviour and are more likely to involve encounters with, and evaluation of incentive values that have been learned over time. Another limitation of the early studies employing runway procedures has been that the approach and avoidance learning occurs in a fixed temporal sequence, with the approach responses being established first, followed by the introduction of avoidance learning. Thus, it is not possible to dissociate learning impairments (of aversive outcomes) from deficits in approach-avoidance conflict resolution in HPC-lesioned animals. Thirdly, previous studies exploring the role of the HPC in approach-avoidance conflict have not been able to rule out the contribution of place/spatial strategies to the performance of the task, leading to ambiguity in the interpretation of HPC lesion-elicited changes in approach/avoidance behaviour (i.e. do the observed behavioural changes reflect a deficit in behavioural inhibition or place processing?).
One body of work that may speak, at least in part, to some of these issues is a series of rodent electroencephalography (EEG) studies conducted by Sakata, Sakimoto and colleagues [83] [84] [85] [86] [87] . By using electrodes implanted in the rat HPC, this work aimed to provide insight into intact HPC involvement during conflict resolution and critically, used a variety of operant paradigms that did not possess a spatial component and had distinct learning and retraining phases. These included the positive patterning task (rats learned that lever responses to two individual cues were not rewarded [A − , B − ], but that responses to the two cues combined were [AB + ]) and its negative counterpart (A + , B + , AB − ), the serial feature positive task (rats learned that lever responses to a cue presented on its own were not rewarded [A − ] but that the same cue was rewarded if preceded by a second cue [B → A + ]) and its negative counterpart (A + , B → A − ), and the simultaneous feature positive task (rats learned that lever responses to a cue presented on its own were not rewarded [A − ] but that responses to the same cue presented simultaneously with a second cue were [AB + ]) and its negative counterpart (A + , AB − ). Across these studies, one overarching finding was that there were significant changes in HPC activity as measured by theta power during non-reinforced compared to reinforced trials at the retraining phase. These changes were interpreted as reflecting a role for the HPC in conflict resolution and/or response inhibition and, at first glance, converge with more traditional rodent HPC lesion studies on approach-avoidance conflict. Notably, due to the nature of the methodology used, this work is not without its limitations. The electrode recordings did not provide insight into regional functional differences in the HPC (e.g. along the ventral-dorsal axis). Furthermore, the precise mechanism driving the observed relationship between HPC theta power and conflict processing is unknown. For instance, it is unclear how an increase in behavioural inhibition demands relates to the most common observation of decreased HPC theta power during non-reinforced trials. Finally, in all of the aforementioned paradigms a reward outcome was pitted against a non-reward outcome, which is unlikely to elicit the same level of approach-avoidance conflict as reward and aversive outcomes being set in opposition.
To further address existing caveats in the rodent approachavoidance literature, a recent study by Schumacher et al. [88] used a novel, non-spatial mixed valence conditioning paradigm to explore the role of the dHPC and vHPC in (1) the concurrent (and not sequential) acquisition of incentive values of cues (appetitive and aversive); and (2) the expression of an approachavoidance conflict induced by the simultaneous presentation of conditioned appetitive and aversive cues (Fig. 2a) . Rats were initially trained to associate three pairs of non-spatial, visuo-tactile bar cues placed along the sides of three different arms of a radial maze, with differential outcomes (appetitive, aversive and neutral). Importantly, visibility of extra-maze (distal) cues in the room was attenuated by placing red cellophane paper over, and around the three arms, thereby minimizing exposure to extra-maze (allocentric) spatial cues. Furthermore, the spatial locations of the cues were changed from session to session, to ensure that the animals did not associate the outcomes with egocentric directional cues. Cueoutcome learning was then assessed by three separate conditioned cue preference/avoidance tests, each of which was administered after every 3 conditioning sessions. Upon successful acquisition of cue-outcome associations, animals then performed a conflict test in extinction, in which they were presented with a combination of the appetitive and aversive cues in one arm, and the neutral cue in another arm. This test created a scenario in which animals would face a number of approach/avoidance decisions: choosing to enter/re-enter the conflict arm; and choosing to stay/leave the conflict arm once inside. The narrow width (10 cm) of the arms ensured that animals experienced the appetitive and aversive cues simultaneously upon entry into the conflict arm, providing the animals with the opportunity to appraise and generate an incentive value for the compound cue, which they could subsequently use to guide their approach/avoidance decisions. The expression of approach-avoidance conflict was measured using a number of different variables. Firstly, the amount of time that animals spent in the conflict arm (as opposed to the neutral arm) was taken as an indicator of the ability of animals to make a decision to stay (approach), or leave (avoid) the arm once inside. Secondly, the number of full entries was measured to indicate the decision to re-enter the conflict arm. Additionally, the number of 'retreat' behaviors, defined as head only, or half body entries into the arm that did not result in full entries, was taken to be an expression of motivational conflict. Extensive pilot studies were conducted to optimise the parameters (particularly the magnitudes of the sucrose and shock outcomes) for mixed valence conditioning, such that the acquired positive and negative incentive values of the cues were balanced (and not one dominating over the other). In the conflict test, control rats, therefore, exhibited 'ambivalence' to the joint presentation of the positive and negative cues by spending equal times in the 'conflict' and neutral arms. Significant deviations from control performance in the conflict test were observed when the magnitudes of the sucrose and shock outcomes were changed during the training phases (Fig. 2b) . Thus, training rats with a decreased magnitude of shock during conditioning sessions selectively abolished the acquisition of conditioned cue avoidance (Fig. 2b top) . The resultant effect upon conflict expression was that rats spent significantly more time in the 'conflict' arm compared to the neutral arm, presumably because of the increased positive incentive value of the combinatorial cue. In contrast, half the usual dose of sucrose solution selectively attenuated the acquisition of conditioned cue preference (Fig. 2b bottom) . This had the effect of rats spending less time in the 'conflict' arm compared to the neutral arm, most likely due to the increased negative incentive value of the combinatorial cue. Schumacher et al. [88] found that both dorsal, and ventral HPC-lesioned rats successfully acquired appetitive and aversive conditioning, as indicated by their intact performance in both conditioned cue preference and avoidance (Fig. 2c) . Furthermore, rather paradoxically, vHPC-lesioned rats showed enhanced conditioned cue avoidance, compared to that of the sham controls, supporting early observations of a lack of deficit in some forms of avoidance learning following HPC lesions. However, excitotoxic lesions of the vHPC, but not dHPC led to a marked reduction in conflict behaviour, with the vHPC-lesioned rats spending significantly more time in the 'conflict' arm in which stimuli of opposing valence were presented together, in comparison to the sham control group. In other words, in the absence of the vHPC, cue-induced avoidance was suppressed, and approach tendencies potentiated. We did not find significant differences between groups in other measures of approach-avoidance conflict, such as the number of entries into, or retreats from the conflict arm. Thus, the findings of Schumacher et al. [88] indicate that vHPC lesions impair cue avoidance behaviour only under circumstances when there is conflict between two opposing associative memories. Furthermore, the study indicates that under normal circumstances, the vHPC serves to resolve a conflict between two opposing motivations either by decreasing the salience of positively valenced cues, or by increasing the salience of negatively valenced information (in either case, the ventral HPC serves to suppress approach behaviour). Further studies are necessary to determine which of the two possibilities is driving the deficit in cue-elicited avoidance behavior.
Approach-avoidance conflict processing and the human HPC
In comparison to the rodent literature, there is currently limited data from research in humans directly linking the HPC to approach-avoidance conflict processing. Although a large number of neuroimaging and neuropsychology studies have examined the neural correlates of reward-and/or punishment-related decisionmaking [e.g. for review see [89] [90] [91] [92] [93] , comparatively few studies [94] [95] [96] have simultaneously pitted reward and punishment outcomes against each other in order to induce approach-avoidance decision-making conflict that is similar in nature to that created in Fig. 2 . Recent rat lesion study examining the role of the dorsal and ventral HPC in learned approach avoidance conflict processing [88] . (a) Diagram illustrating the apparatus (note that only three arms of the 6 arm radial maze are shown) and cues used in the novel concurrent mixed valence conditioning paradigm, during the training (left) and conflict test phases (right). Animals were trained to associate three different cues (visuo-tactile) with an appetitive outcome (Sucrose -black floor bars), aversive outcome (mild Shock -blue floor bars), or no outcome (Neutral -gold floor bars) in conditioning sessions. The rate of acquisition was monitored by conditioned cue preference/avoidance tests occurring after every 3 conditioning sessions. Once the acquisition of incentive learning was established, animals underwent a 'conflict test', in which they were simultaneously presented with an aversive and appetitive cue within one arm (conflict arm -combined black and blue floor bars). (b) Data from experiment demonstrating that conditioned cue preference/avoidance acquisition and expression of conflict are sensitive to changes in the magnitudes of the shock and sucrose during training. Reducing the shock magnitude (0.10 mA) abolished the acquisition of conditioned cue avoidance (top panel), and the resulting conflict test was marked by increased preference for the conflict arm (black-blue column). In contrast, reducing the magnitude of the sucrose solution (0.4 ml, bottom panel) had an effect of attenuating conditioned cue preference, as well as decreasing the time spent in the conflict arm (* p < 0.05, ** p < 0.01). (c) vHPC-lesioned rats showed potentiated conditioned cue avoidance, compared to the sham controls (Mixed valence test -4 × 0.25 mA shock; 4 × 0.8 ml sucrose each session). When presented with an appetitive and aversive cue simultaneously (Conflict test), sham control rats spent equal times in the arms with the conflicting cues (black-blue column), and neutral cues (gold column). The vHPC-lesioned rats, however, spent significantly more time in the conflict arm than in the neutral arm (*** p < 0.001), and significantly more time in the conflict arm than those of the sham-and dHPC-lesioned rats (* p < 0.05). The top panel shows a schematic diagram illustrating the smallest (light grey) and largest (dark grey) extent of the excitotoxic (NMDA) dHPC and vHPC lesions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
HPC-sensitive rodent conflict paradigms. Moreover, the vast majority of this work has focused primarily on brain regions beyond the HPC including the prefrontal cortex, amygdala, and basal ganglia nuclei. This has particular implications for functional magnetic resonance imaging (fMRI) studies in which optimised data acquisition protocols and more sensitive statistical analysis approaches (e.g. a region of interest [ROI] approach) can be necessary to observe significant changes in hippocampal activity given the well-known challenges of acquiring activity-related data from this region of the brain. Notably, even where incidental findings in the HPC have been reported, the involvement of this structure is not easily interpretable given the nature of the decision-making paradigm and analysis approach used [94] or alternatively, can be attributed to concurrent mnemonic processing such as episodic memory encoding and/or retrieval [97] . It is fair to say, therefore, that the involvement of the human HPC in approach-avoidance conflict has been relatively underexplored.
One of the first studies to specifically investigate and provide evidence for a role for the human HPC in approach-avoidance conflict processing was conducted by Bach et al. [95] using neurologically healthy participants and temporal lobe epilepsy (TLE) patients with circumscribed uni-or bilateral HPC sclerosis. In a novel computerised task based on classic rodent approachavoidance conflict paradigms (e.g. elevated plus maze, open field test), participants were required to forage for yellow virtual tokens within a two-dimensional rectangular grid in the presence of a predator that was asleep in one of the corners. Crucially, foraging took place under one of three threat levels (p = 0.2/0.5/0.8) that participants learnt during a training phase, each corresponding with the probability that the predator would wake-up and subsequently chase the participant to take all of their collected tokens unless the participant retreated to a safe corner. Healthy participants were found to adapt their behaviour when the probability of threat (and therefore level of approach-avoidance conflict) increased, demonstrating greater avoidance behaviour and behavioural inhibition as captured by a number of measures (e.g. greater distance from predator, more time spent near safe corner, closer proximity to grid walls, decreased locomotor speed, reduction in tokens collected). This adaptive behaviour was accompanied by changes in HPC activity, with fMRI in healthy participants during the posttraining test phase revealing greater aHPC activity (as measured by univariate statistics) when the threat level increased, supporting a role for the HPC in approach-avoidance conflict processing (Fig. 3a) . Critically, administering the same task to TLE cases yielded converging data, with the patients exhibiting behaviour that was much less influenced by the predator, and foraging with less caution particularly at higher threat levels. There was no evidence that this difference in behaviour was driven by a primary impairment in memory and/or spatial cognition (e.g. a failure to learn the different threat levels or an impairment in spatial navigation within the two-dimensional grid while searching for hidden tokens), suggesting that the patients possessed significantly altered approach-avoidance conflict processing.
The behavioural findings of Bach et al. [95] in HPC sclerosis patients are particularly important since they provide causal evidence for a role for the human HPC in approach-avoidance conflict processing beyond the correlative nature of fMRI data in healthy participants. In addition to this, these data stand out in the context of a large body of research that has examined the impact of HPC damage in humans. Since the early seminal work of Scoville and Milner [98] and O'Keefe and colleagues [9, 99] , neuropsychological research on the human HPC has focused traditionally on the detrimental effects of HPC lesions on declarative (in particular episodic) memory and spatial cognition [8, 100, 101] . Although more recent work has extended the boundaries of this work to other domains including imagination [102] , future thinking [103] , working memory [104] , perception [105] , and memory-and/or future thinking-driven decision-making [106] [107] [108] there have, to our knowledge, been no clear reports of impaired approach-avoidance conflict processing in HPC-damaged patients (see also related work on the effects of HPC damage on decision-making in the context of gambling tasks e.g. [109] [110] [111] ). The patient findings of Bach et al. [95] offer, therefore, some convergence with the rodent HPC lesion conflict literature and suggest that changes in human approachavoidance behaviour following HPC dysfunction can be detected in the context of a carefully designed approach-avoidance conflict task.
Further evidence for a role for the human HPC in approachavoidance conflict processing comes from a recent fMRI study by O'Neil et al. [96] , who investigated whether HPC involvement in conflict processing could be observed even when perceptual and memory demands are matched equally across differing levels of approach-avoidance conflict. This is a critical issue since the level of approach-avoidance conflict present in a task can also conceivably impact the nature of concurrent spatial and/or mnemonic processing, particularly in paradigms that involve spatial locomotion (e.g. movement to retrieve a reward or avoid punishment) or involve a component of learning (e.g. acquisition of varying reward/punishment probabilities) and/or retrieval (e.g. retrieving reward/punishment contingencies, appropriate responses, etc). In the light of the traditionally accepted roles of the HPC in spatial cognition [9] and mnemonic processing [7, 8] , it is possible, therefore, that observed HPC involvement in approach-avoidance paradigms may primarily reflect spatial and/or mnemonic processing, rather than conflict processing per se. To explore this issue, O'Neil et al. [96] designed a point scoring task in which participants were required to maximise their score by making approach and avoidance decisions based on learned reward and punishment incentive values. In a pre-scan learning phase, participants were first presented with a series of rewarded and punished facescene image pairs and were asked to make an approach or avoid response to each via a key press. An avoid response did not impact a participant's overall score whereas approaching a rewarded or punished image pair would lead to a gain or loss in points, respectively. In a scanned decision phase, subjects were again required to make approach or avoid responses to face-scene pairs to earn points. Crucially, however, the image pairs from the learning phase were recombined such that each novel pairing was composed of a face and scene that was of the same incentive value and therefore did not induce approach-avoidance conflict, or alternatively, a face and scene of opposing incentive values leading to high approachavoidance conflict (Fig. 3b) . Multivariate statistical analyses (partial least squares and multivoxel pattern analyses) revealed significantly greater aHPC involvement during high compared to no conflict face-scene pairs. Notably, since perceptual and memory retrieval demands were matched across no and high conflict trials, these findings provided further evidence that the human HPC, in particular the anterior region, plays an important role in approachavoidance conflict processing.
Moving beyond approach-avoidance conflict processing in the human HPC
One broader question arising predominantly from human research is whether the involvement of the HPC in conflict processing is restricted to approach-avoidance behaviour associated with reward/punishment outcomes or also extends more generally to other domains such as perceptual and response conflict. Although the HPC has not been traditionally thought to play a key role in classic or variants of classic conflict paradigms such as the Stroop [112] and Flanker [113] tasks, a handful of studies have recently provided data to suggest otherwise. For instance, [95] , in which participants (represented by the green triangle) were required to search for hidden tokens (yellow rhombi) in the presence of a sleeping predator (grey circle). Collected tokens appeared in the top left of the screen. In this example, high approach-avoidance conflict was elicited by having a high probability that the predator would wake up (i.e. threat level, indicated by coloured border). Participants could avoid being caught by the predator and losing their tokens by hiding in the safe corner (black square). Increasing left aHPC activity was observed in association with increasing threat level. (b) In high approach-avoidance trials in O'Neil et al. [96] , participants decided whether to approach or avoid face-scene pairs that contained conflicting valence information (indicated in brackets for illustration purposes). Approaching a rewarded or punished stimulus led to a gain or loss of game points, respectively, whereas an avoid response did not impact a participant's score. In comparison to no conflict trials (i.e. face-scene pairs comprised of images with consistent valence information), bilateral aHPC involvement was found during high conflict trials. (c) In Oehrn et al. [117] , participants had to indicate the tone in which the word 'high' or 'low' was spoken, with conflict occurring when the word and tone were inconsistent, as illustrated. Two clusters of significant activity were observed in the left aHC when inconsistent trials were contrasted with consistent trials. In all brain images, the original statistical maps from each study were thresholded as reported, binarised, and overlaid on coronal slices (y coordinate displayed) of the Montreal Neurological Institute 152 template. Left hemisphere of brain = left side of figure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Spielberg et al. [114] conducted a whole brain fMRI study of activity associated with performance on a colour Stroop task and used graph theory to identify a network of regions that demonstrated significantly stronger functional connectivity during incongruent (i.e. conflict) versus congruent (i.e. no conflict) trials. This network was centred on the medial dorsal anterior cingulate cortex and right inferior frontal cortex, and crucially, a network node connected to the former was identified in the right amygdala/HPC region. Converging with this, Berron et al. [115] used fMRI to examine whole brain activity during a novel conflict paradigm that combined the Flanker and Garner [116] tasks on each trial. In brief, using a 2 × 2 factorial experimental design, participants were required to identify the colour of a central target in the face of flankers that were congruent or incongruent in colour (Flanker conflict effect), and in addition, remained static (Garner baseline) or changed randomly (Garner filter) in colour. Significant left aHPC activity was observed when the demand on conflict processing was at its maximum, that is when participants were responding during Garner filter + Flanker incongruent trials in comparison to all other trial types. Finally, and perhaps most significantly, Oehrn et al. [117] used intracranial EEG (iEEG) in TLE patients and fMRI with neurologically healthy participants to conduct a targeted investigation of HPC activity during an auditory Stroop task [118] . In the key experimental condition, participants were played the words 'high' or 'low' on each trial and required to indicate whether the word was spoken with a high or low pitch. When compared to trials in which the word and pitch were consistent (e.g. 'high' spoken with a high pitch), inconsistent trials (e.g. 'high' spoken with a low pitch) were associated with significant fluctuations in HPC activity in both patients and healthy subjects. A response-locked analysis of data acquired from HPC electrodes implanted in the former revealed an increase in power prior to responding on inconsistent trials in the theta and gamma range, as well as a decrease in theta power subsequent to responding. Notably, these variations in oscillations were behaviourally relevant, with greater changes in pre-response theta and gamma power associated with correct as opposed to incorrect incongruent trials and faster response times. FMRI data from neurologically healthy participants performing the same task revealed consistent findings, with significantly greater activity in two regions of the left aHPC during inconsistent compared to inconsistent trials (Fig. 3c) . Thus, considered together, the patient iEEG and control fMRI findings from Oehrn et al. [117] point towards a potential role for the human HPC in conflict processing beyond the domain of reward/punishment processing and approach-avoidance behaviour.
It is important to highlight that of the handful of studies that have directly examined a role for the human HPC in conflict processing [95, 96, 117] , all have cast a predominant spotlight on the anterior portion of this structure. There is, therefore, important functional and anatomical convergence with the rodent literature, with the rodent vHPC [119] and human homolog aHPC suggested to play a key role in behaviour in the face of conflicting responses, incentive values and/or perceptual information.
Reconciling conflict processing, memory and spatial cognition in the HPC
From a traditional theoretical viewpoint, one may argue that the involvement of the HPC in conflict processing reflects a primary role for this structure in memory and/or spatial cognition. In particular, given the ubiquitous nature of mnemonic and spatial processing, it is plausible that these processes cannot be disentangled easily from circumstances in which there is conflicting valence or perceptual information, even in experimental paradigms that seek to carefully control the contributions of memory and spatial cognition. For example, as noted earlier, it was observed a few decades ago that rodents with HPC lesions only demonstrate impaired place but not cue avoidance learning, suggesting a primary role for the HPC in spatial cognition [47] . In addition to this, more recently, human fMRI work has revealed that situations of conflict can be more memorable leading to greater HPC involvement [120] . More specifically, Krebs et al. [120] scanned participants while they carried out a face-word Stroop task in which they were required to determine the gender of a face image with the word 'man', 'woman', or 'house' superimposed. Faces from incongruent trials (e.g. male face image with word 'woman') were subsequently better remembered than those from congruent (e.g. male face image with word 'man') and neutral (e.g. male face image with word 'house') trials and furthermore, these conflict trials were associated with greater functional connectivity between seed regions in the dorsolateral prefrontal cortex and the precuneus, and the HPC. In the light of these findings, it is not inconceivable that functional neuroimaging studies that have observed increased HPC involvement during approach-avoidance or response/perceptual conflict [95, 96, 114, 115, 117] may, in fact, reflect greater memory encoding. Notably, although conflict, mnemonic and spatial processing may be difficult to separate entirely, it seems unlikely that all reports of HPC involvement in conflict processing can be explained solely by concurrent mnemonic and/or spatial processes. For example, as described earlier, rodent HPC involvement in conflict processing has been demonstrated even in a paradigm that does not possess an explicit spatial component and controls for cue-reward outcome learning [88] . Moreover, altered approach-avoidance behaviour in human HPC lesion patients has been argued to not reflect changes in declarative memory or spatial cognition [95] .
An alternative opposing view may suggest that conflict processing is a fundamental function of the HPC and that much of the data in support of a role for this structure in memory and spatial cognition can be explained from a conflict perspective. Bannerman et al. [119] propose, for instance, that considering the HPC as part of a behavioural inhibition system can account for a wide range of data, including the effects of HPC dysfunction on spatial memory [e.g. [121] [122] [123] [124] , spatial-and non-spatial discrimination [124] , match-mismatch detection [e.g. [125] [126] [127] , and approach-avoidance conflict processing [e.g. [72] [73] [74] [75] [76] . For example, genetically engineered mice with selectively disrupted NMDAdependent long-term potentiation (LTP) at CA3-CA1 synapses (i.e. Grin1 DGCA1 strain) have been observed to be impaired on memory and discrimination tasks only when conflicting information needs to be disambiguated [124] . More specifically, these mice are unimpaired on the Morris Water maze [128] , in which they are required to locate a hidden platform in an open water arena, but demonstrate poor short-term memory on the radial maze task, in which rewarded arms must be distinguished from unrewarded arms. Likewise, while these rats are able to discriminate between two visually dissimilar beacons in a water maze, they exhibit difficulties discriminating two visually similar beacons based on spatial location, in particular when the animals are placed in a starting location close to the foil location. In both cases, the observed differences cannot be attributed easily to a deficit in learning. Rather, it appears that the impairments are triggered by the presence of highly overlapping information/memories (i.e. rewarded vs. unrewarded arms; correct vs. incorrect spatial location) and an inability of the mice to resolve this conflict due to hippocampal NMDR-dependent LTP dysfunction. According to this interpretation, therefore, both the rodent dHPC and vHPC play a key role in detecting and resolving conflict but differ with regards to the types of information that they process, with, for instance, the former playing a greater role in the processing of spatial information and the latter contributing more to the processing of valence [119] .
Although considerably more work is required to understand how conflict, mnemonic and spatial processing are related, it is important to restate that these processes need not be mutually exclusive. As highlighted in earlier sections of this review, the degree of anatomical heterogeneity within the HPC suggests that this structure may contribute distinctly to all of these processes. Thus, it is conceivable that different regions of the HPC along the dorso-ventral axis represent a continuum of preferential processing of spatial and non-spatial information, while subserving qualitatively similar functions within the domains of conflict, mnemonic and spatial processing [129] . For instance, considering conflict processing, the transverse circuitries that exist in both dHPC and vHPC regions (DG → CA3 → CA1) may offer a candidate neural mechanism by which conflict can be detected and resolved between two stimulus, response, memory or goal alternatives. Although there is currently insufficient evidence to indicate how exactly these subfields may contribute to conflict processing, many have speculated that different subfields of the HPC subserve differential (but also overlapping) mnemonic functions [e.g. [130] [131] [132] [133] . For instance, the DG has been implicated in mismatch detection, memory encoding and the ability to discriminate two similar memory representations (i.e. pattern separation) [e.g. [134] [135] [136] [137] [138] . On the other hand, CA1 and CA3 have been implicated in varying degrees of pattern separation and completion (e.g. retrieval of a complete mnemonic representation based on a partial input) depending on the nature of information and/or degree of dissimilarity between mnemonic representations and incoming sensory information [e.g. 136, 137, [139] [140] [141] . In addition to this, these regions have also been suggested to play a role in novelty/mismatch detection [e.g. 131, 142] . Clearly, further studies are needed to establish the exact relationship between the functions of the various subfields of the HPC along the septotemporal axis in approach-avoidance conflict, and how these may be related to mnemonic and spatial processes. Finally, it is important to note that while we have not devoted any discussion to the existence of different neurotransmitters and receptor types in the HPC, consideration of these two factors may also offer additional insight into how the HPC subserves differing cognitive processes [21] .
Conclusion
In summary, there is a large body of rodent data and increasing evidence from studies in humans suggesting that the ventral (rodent)/anterior (human) portion of the HPC plays an important role in approach-avoidance conflict processing. Although much of the early rodent work pertaining to this idea [e.g. 14,16,34-36] was dismissed in favour of a more spatial interpretation of hippocampal function [47] , a number of studies have since highlighted vHPC/aHPC involvement in a wide range of conflict tasks [e.g. 13, [72] [73] [74] [75] [76] [77] [78] 95] , even those in which spatial as well as mnemonic demands have been specifically controlled for or minimised [88, 96, 117] . These include tasks that have involved learned (as opposed to innate) incentive values being pitted against each other [88, 96] , as well as conflicting sensory and semantic information [117] . A key challenge going forwards is to understand how conflict processing relates to the spatial and mnemonic functions of the HPC and the differential contributions of the subregions of this structure. their studies for Fig. 2 . We would also like to thank Dr Anett Schumacher, Franz Villaruel, Serena Soleimani for their contribution in collecting the data referred to in this review. This work was funded by the Natural Sciences and Engineering Research Council of Canada (402642 to RI; 402651 to ACHL) and a grant from the University of Toronto Scarborough Research Competitiveness Fund (to RI and ACHL).
